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‘ Abstract

|
This §s the third annual report of a research program to study grain

refining and microstructural modffications during solidification, as affected
by supercooling, solidification rate, and/or inoculation. The report covers
results of the current fnvestigations on the structure and phase
transformations in Chromfum-Nickel alloys (part A), and the final report on
the grain refining in copper by the addition of iron and electromagnetic
stirring (part B),

;;High feiﬁe;ature phase transformatfons in Cr-Nf binary alloys were
evaluated usfng microstructural, thermal, and TEM analyses of levitation
melted binary aﬂoysT The Cr-rich alloys, prepared from 99.9999% and 99.999%2
pure Or and Ni, respectively, were levitated in an {nert atmosphere contafning
about 1 x 10715 ppm &xygen. The results indicate the commonly accepted simple
eutectic dfagram to be {ncorrect. Microstructural results show an addfitional
peritectic reaction occurring in alloys containing more than 62 w/o
chromfum. The perftectic temperature was determined to be in the range of
1420-1475°C, and its composftion was in the range of 62 to 70 w/o chromfum,

Changing the oxygen content of the processing gas from 1 x 10715 ppm to 6 ppm ii:;
reduced the per{tectic and l{quidus temperatures. ':;ii

”fhe effect of fron additions in the range of 0.57 to 7.5 w/o and E%E;?
electromagnetic stirring on the grain sfze of electromagnetically levitated t:i:
copper-fron alloys were investigated, The samples were sélidified while levi- Eiézé
tated or quenched in water from th;/I;iten state. The addition of 1ron was X :?:
found to be effective in reducing the grain size of copper, and the average i;;;
grain size decreased as the iron content was increased up to the perftectic Ei??
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1iquid compostition of about 2.8 w/o Fe. Beyond this composition, the grain
size of the samples solidified in the levitated state was insensitive to the
iron content, whereas that of the quenched samples continously decreased with
increasing fron content. The results also indfcate that electromagnetic
stirring causes fragmentation of copper dendrites in the hypoperitectic
regifon, and hence enhances grain refinement. In the hyperperitectic region,
on the other hand, the stirring has a detrimental effect on the grain
refinement by agglomerating the primary iron particles which act as

heterogeneous nucleatfon sites for the copper matrix.
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Part A

Phase Transformations {n Binary

Chromium-Nickel Alloys




Introduction

Due to the unfque phase stability of the Cr-Ni based alloys
at high temperatures, as well as their increased mechanical

strength and enhanced corrosfon resistance, the {mportance of

understanding the nature of phase transformations in the binary
.- system was recognized as early as the turn of the ceatury.
Beginning with the work of VYoss (1),Baftn (2), and Phebus and
Blake (3), 1t has been indicated that the binary Cr-N{ phase
p dfagram at high temperatures is a simple eutectic system. This
_f proposition has been for the most part accepted with
!f modifications on the phase field 1imits contributed by several
é; subsequent fnvestigators (4-9). Notwithstanding, there are at
;3? present three other proposals on-the cons}ruction of the Ni-Cr
dfagram that substantfally challenge the proposition of simple
eutectic system, Yet these are themselves so radically different
from each other, that a great deal of controversy has been
generated.

The center of controversy in the Ni-Cr phase dfagram lies in
determining whether or not chromium undergoes any allotropic
transformatfon that would cause solfd-state or eutectold

reactions in the binary alloys. Presently accepted data {10,11)

describe the element as b.c.c. below its melting point.

5; Uncertainty as to the value of the melting pofnt has prevafled
i -

¢ due to the reactivity of the element, but it has been placed in
S

r i.

the range of 1878 22°C,

Bloom and Grant (12-14) were the first to report X-ray and

e
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thérmal data on a high‘temperature'transformation of chromfum,

Te Tol R TV R BB S
.
. .,
.

interpreted as being cause¢ by a change from a body centered

cubic to a face-centered cubic structure at 1840°C., The high

AL PR

temperature face-centered cubic structure was designated B Cr

(15), and was found to result in a eutectofd reactfon at 1215°C
and a composftfon of 68 weight percent chromfum, However, sub-
sequent experfments (16-20), mostly using sintered powder sam-

I ples, found no evidence for the Cr allotrope or the eutectoid.
Using precipitatfon technfques, Williams (21) suggested that the

rapid and extensive precipftation of the nickel-rich phasehmay

[ o AR I I BT

have led Grant and co=-workers to misinterpret their - data.,~ﬁs a if - E;
~‘resu1t of these conclusions the proposed diagram was not '2l ) : :
s eredited. o e o e 0T e T T
lj . Grigor'ev and co-workerij(éz)iin thefr study ofethe binary ‘ i
ig system using X-ray, thermal and microstructural data, have ",
3 proposed not one, but five polymorphic transformations of
! chromium resulting tn four eutectoid reactions. Their dfagram
; _identifies the room temperature chromium as b.c. Ce. transforming
. ”fo f.c.c.”at 930°C, to b.c.c. at’ 1aoo'c. to h.c.p. at.1650°C and
a N then finaiiy to b.c.c. at_L830 C. The eutectoid'reactions are.. .
% :piaced‘at 850, 969, i1a0, ond-léZO-c,j ndditionai experiments.by‘: v
; the same authors on binary alloys of cnromium with tantalum (23), -
! . molybdenum (24), {ron (25) and tungsten (26) have confirmed the
?_' five polymorphic transformations, yet to date no independent
3 study has verified the validity of their conclusfons.
i . :
),
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A more recent modification of the Cr-Ni diagram has been
advanced by Yukawa and co-workers (27)., Their dfagram has been
based on X-ray diffraction data obtained from argon vaporized
alloy particles. They have reported an allotrope of chromfum,
fdentiffed as delta phase, which had been reported previously by
Kimato and Nfshida (28) who used the same technique of vaporizing
fine Cr partfcles in a low pressure argon atmosphere. VYukawa and
co-workers, however, extended their work into the Cr-Fe, Cr-Co
and the Cr-Ni-Fe systems, and verififed the consistent appearance
of the delta phase, At composftions ranging from 65 to 70 weight
percent chromfum, a peritectfc reaction involving the nucleation
of a sigma phase §s also reported at a temperature range from
about 1412 to 1270°C. The composition of the sigma phase f1s
reported to be betwen 70 and 75% Cr, The eutectoid reactions are
shown to be near 1270 and 1190°C, The exfstence of the sfgma
phase in the binary system has in 1{ke manner been advanced,
based on both experimental data and theoretical considerations,
by other researchers. Schuller and Schwaab (29) detected the
sfgma phase 1n vacuum deposited Cr-Nf alloy films using an
electron microprobe. Their results had been earlfer attributed
to the presence of impurities (30).

The matn difficulty in verifying any of the proposed
diagrams s fn detecting the high temperature phases. However,
this may be due to the limftations of the convehtional
experimental conditfons as well as the very nature of the

phases. For instance, sigma phase transformations are character-

. v e e .
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istically very sluggish, 1In ferritic and some austenitic stain-

it AT A
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less steels, sfgma phase forms only where prolonged exposure to

high temperatures {s experfenced, and does not develop by welding

po R S

or even during heat treating. This may explain why the con-

ventional annealing techniques used to gather X-ray and metallo-.

. E __!‘: )
graphic data fatled to detect the phase, Another problem with:w~ -

most of the aforementfoned studies is the contamination of the

material by oxygen and other impurities. Kimoto and Nishida (28) F3§

E have found that the delta phase did not form when oxygen was ’ é?ﬁ
present in the vaporization chamber. ;Iﬁ
It may be concluded that though the N{i-Cr system has

recefved a great deal of attentfon, it remains highly contro- o E

versfal, Part of the controversy may be due to the effect of‘the 7.

experimental techniques, fmpurities and containers on the sqlidtév .
; fication of the alloy. To this end, the contafnerless meltiﬁg
and solidification of high purity bulk samples in an inert atmos-
pheres, as used ifn the present experiments may lend more accurate
information,

Our prelimlinary research on the solidification of high
purity Cr-Nf alloys levitated in an {fnert atmosphere, reported in
-, the second annual report (31), showed that ‘the commonly accepted
Cr-Ni dfagram consfsting of a simple eutectic at high tempera-
tures is fncorrect. Microstructural and thermal arrests results

indicated that the dfagram should fnclude a eutectic, a peritec-

f O D R R

tic, and a eutectoid for the decomposition of the peritectic

phase., The possfble extstence of a second eutectoid, involving a.

) ,‘ :_:.:\-
)

>
" . dteT
................... . O T T S B ST R T S

"s' v "5 \' -\."\ [N ot -."~.'_-.’ T A T T e T P S e RS S R R SR NSNS




A3

alel e

Pid li‘ﬁ. -'.f iy

high temperature allotropic phase transformation, was also indi-
cated. The solfd state transformations were showr to result in
the formation of widmanstt;ten. basket-weave, blocky, and/or
lamellar type morphologies.

- This report contains the additional results that have been
obtatned since the last report. Durfng this perfod, the experi-
ments have been concentrated fn the solid + 1iquid range of the
dfagram in order to determine the perftectic temperature and
composition more accurately, and also to examine the effect of
minute amounts of oxygen impurfties on the microstructure.

Samples, prepared from high purity nfckel (99.999%) and
chromfum (99.9999%), were levitated efther fn a purffied fnert
atmosphere with an oxygen content around 1 x 10°15 ppm or in the
as-received inert gas containing about 6 ppm oxygen,

The 1iquidus temperature and other thermal arrest points of
the levitated samples were determined. The experimental proce-
dures were similar to those discussed previously (31,32). The
as-quenched samples were evaluated using metallographic, x-ray,

and TEM analyses.

RESULTS

Before the experimental results are presented, it would be

: ﬁé

pertinent to compare the expected microstructures and cooling 3:
_»;.

curves based on the accepted eutectic phase dfagram with those of §;
the phase diagram proposed by Yukawa et 2l1.(27) during normal 0
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;: (non-equiltbrium) solidification. For the eutectic dfagram, the ZE
;; expected microstructures of Cr-rich alloys would consist of pri- Eij
N f::.‘-
g mary a dendrites which inftially solidify from the melt, As kiﬂ
..' - O_‘-:.
ﬂ solidiffcation progresses, the 1iquid becomes enriched fn nfckel éﬁ
B until the eutectic compositfon fs reached, which then solidiffes -t ]
o b
. to form a + v, Solid state precipitation of nickel in the «a "

- dendrites might take place as temperature {s decreased below a ;J

certafn value., The microstructures fs schematically represented &fﬁ

fn Figure 1, together with the expected cooling curve., A thermal iii

arrest pofnt would occur at the 1iquidus and at the eutectic E;E

- temperature of 1345°C where L ¥ a + vy, A change of slope or &?
ﬁ thermal arrest might exist when solid state precipftatifon takes }%‘
place. N BNy

o The microstructure of Cr-rfch alloys based on Yukawa's phase . :
<. ' N
o dfagram, as schematically shown in Figure 2, will have two S
<. el
o different features depending on the composition of the alloy; one e
2 with primary nucleatifon of 6, and the other with primary nucle- :
= atfon of o, If the 1iquid contains more chromfum than the peri- ﬁf
ﬂ tectic 1iquid, pro-perftectic & dendrites would form first. As Eﬁ
- solfidification progresses, the 1iquid becomes enriched in nickel ™
. e
- and the growing 6 dendrites would also become enrfched fn e
b, R
% nfckel. Upon further coolifng, the o phase would form via the A
. F

» perftectic reaction, L + 6 ¥ o, The o phase s expected to form f;
3 at the liquid-solid interface, covering the surface of the 6 %ﬁ
- dendrite such that the perftectic reactfon would not go to S:
- completion because of the low solid state diffusfon of nfckel in :j
2 e
.d. f.'-
" _.\-..
» N
- 9
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; 5%
E chromfum, The liquid will finally solidify eutectically to form %;E
0 + Y, As the 6 dendrites cool, the chromfum-rich core would E{

i . reach the precipitation temperature of 8 ¥ & + a and the forma- g;
:5 tion of « would be expected at the dendrite cores. Upon further Eg;
: cooling the o phase would decompose eutectofdally to form & + v, ;T:

and 5 would finally decompose eutectofdally to form « + vy, The

microstructure 1s schematfcally represented by Figure 2,
The expected cooling curve for the above alloy is also shown
3 in Figure 2. A thermal arrest point would occur at the liquidus,

at the peritectic temperature and at the eutectic temperature. A

£
el
e
s
]
e
AL
L -.

4
o
Ll

change of slope or recalesence may show at the precipitation of «

N from 5, Another thermal arrest pofnt may occur at the eutectoid

g rr v veee e
M '

* . o
A

Yy )
ORI

decompositfon of o, and at the eutectoid decompositfon of 5,

atolal

f . If the 1{quid contafns chromium less than the peritectic -
% 1i1quid, but more than the eutectic, o dendrites would form %ég
% first. As solidification progresses, the remaining liquid be- gga
] comes richer in nickel! and finally solidifies eutectically to t::
'a form o + Y, As the sample cools, o will transform similar to the E%é
f previous alloys. The microstructure {is schematically represented i&g
- fn Figure 3, together wfth the expected cooling curve for this :::
E type alloy. A thermal arrest point would occur at the 1iquidus, 255
g at the eutectic temperature, at the eutectofd deomposfition of o, %;ﬁ

and at the eutectoid deomposftion of &,

o

It should be noted that the above mentfoned transformatfons

can be suppressed by rapfd cooling. Also, the indfcated thermal

arrest points might not be detected {f the heat of transformatfon @,&

. S5
5 10 o
e
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: is small, or 1f the transformatfon takes place over a range of

compositions or temperatures. However, the above mentfoned fea-

mins pye g te Tvw xe v
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tures can be used to determine whether or not the eutectic dia-

gram {s correct.

A
)

In the following sections, microstructural analyses and
thermal data are presented for alloys contaftning 55 to 90 w/o
Cr. The experiments, as indicated earlfer, were concentrated in
the solid and 1iquid regfon of the diagram, Two sets of experf-
ments were conducted; in the first set the samples were levitated
in the purified fnert gas containing 1 x 10-15 ppm oxygen, while
in the second set they were levitated in the as-recefved fnert

gas containing 6 ppm oxygen.

Microstructures

Microstructures of samples contatning 55 to 90 w/o Cr,
which were processed in the purffied fnert gas, are shown in Fig-

ures 4 to 11, Some of the samples were etched fn a heated and

agitated solution of 20 grams potassfum ferrfcyanide, 20 grams e

potassium hydroxfde, and 100 ml of dfistflled water (called

etchant A) for 5 to 15 seconds. The others were etched with aqua
regia (called etchant B) for 10 to 25 seconds. Eéé
wue
Figure 4 shows the structure of a 55 w/o Cr sample which was Sy
quenched in water from {1ts 1iquidus at 1380°C, The primary Cr :;;
dendrftes are etched grey, and the 1nterdendr1t1§ nickel {s : éﬁé
etched white. When viewed under polarized 1ight, Figure 4b, §§§
Widmansttaten plates are observed i1nside the primary dendrites. ;&
5
:,‘J'.
11 R
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The structure of another sample with the same composftfon which
was cooled to 1206°C, and held at this temperature for 6 minutes
before quenching §s shown in Figure 5. At the higher magniffca-
tfon, Figure 5b, nfckel lamella, etched white, are observed
inside the primary dendrites.

The microstructure of a 62 w/o chromium alloy levitated in
the purified gas and quenched at 1413°C {s shown in Figure 6.
The microstructure when etched with etchant A, Figure 6a, reveals
coring within the chromfum dendrites, with no apparent boundary
between the darker central regfon and the surrounding parts.
However, when the same sample {s etched with etchant B, Figure

3b, a clear boundary {s observed between the two regfons. This

structure is similar to microstructures commonly observed during

. non-equi{librium solidification of alloys involving perftectic-

eutectic reactfons, as will be shown more clearly later, where

the central region represents the pro-perftectic phase and the

surrounding part corresponds to the peritectc phase.

The microstructure of a 65 w/0o chromium alloys quenched at

1453°C 1s shown in Figure 7. The microstructure {s sfmflar to

that of 62 w/o Cr discussed previously, but with larger

proportion of the pro-perftectic phase, The pro-perftectic

regfon, 1s surrounded by a peritectic phase which has undergone

solid state decomposfton., Figure 8 shows the microstructure of a

71 w/o Cr gquenched at 1490°C. Pro-perfitectic dendrites are

etched white and are surrounded by the darker perfitectic phase. .

The {interdendritic region 1s etched grey. The microstructure 1s

. - . o . ‘.- S P ..'- P .-;‘--'.-‘ "b'.'y' . T - - .'-‘h'.‘.‘—'-'.‘-‘h. - M ~
YRS R K ORSRNARK RO S R AN A NS SRRSO
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also shown at a higher magnification in Figure 9, where
microhardness indentations are also visible., Varfous phases of
the same regfon, particularly the decomposfton of the perftectic
phase, is emphasfzed using DIC in Figure 9b,

Figure 10 shows the microstructure of a 71 w/o chromium
alloy which was melted, cooled to 1372°C, fsothermally held at
this temperature for 6 minutes and then quenched. At higher
magnification, as shown in Figure 10b, a clearly defifned peri-
tectic phase, etched white, can be seen. The photomicrographs do
not show any precipitation in the peritectic phase. However, TEM
analysis, as discussed later, shows that the phase contains fine
nickel precipftates.

The microstructure of 78 w/o chromium alloy quenched at
1522°C is shown in Fiqure 11, The microstructure f{s similar to
those of Figures 6-10, except the amount of pro-perfitectic phase
s increased, and the interdendritic nickel {s decreased consid-
erably. Figure 11 represents the structure of a 90 w/o chromfum
alloy quenched at 1579°C., The {interdendritic nickel! can no long-
er be seen, At hfgher magnification, Figure 11b, small amounts
of peritectic phase surrounding the primary Cr phase can be ob-
served,

The microstructures of the alloys when levitated in the as-
received 1nert gas (contafning about 6 ppm oxygen) were similar
to those presented earlier, except that the perifectic transfor-
matfon was not observed in alloys which contained 62 w/o Cr, The
Widmansttaten plates and other precipitates also seemed to be

much coarser,
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Thermal Analysis

The thermal arrest potnts obtafned during normal (non-equi-

11brium) cooling of the levitated chromfum-nickel alloys are

given in tables 1 and 2. The first table shows the thermal ar-

rest points of samples which were levitated in the purified gas,

T R Y YT YT YT TR
L] -

and the second table shows the thermal arrest points of samples

levitated in the as-recefved inert gas. The data have been

superimposed on the proposed dfagram by Yukawa (2) fn Figures 12

D

and 13, The highest thermal arrest pofnts correspond to the

11quidus temperatures, It is also the temperature at which the
first solid was visually observed to form on the surface of the
levitated sample. The transition from the 1iquid to solid
usually occurred rapidly by the formation of a solid shell on the
. surface. In a few cases, however, solfid patches were observed on
the surface, which gradually covered the surface as the
temperature was reduced.
The other thermal arrest points represent some form of phase
transformatfon or precipitation during non~equilibrium solfdifi-
catfon and cooling of the samples, as discussed fn more detall

Jater.,

X-ray Analysis

Table 8 represents the 29 values obtained from alloys proc-
essed fn the purified fnert gas, and table 9 represents the
values obtained from alloys processed in the as-received {inert

gas, The diffractfon peaks were obtafned from a copper target at

14
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room temperature. The calculated lattice parameters are also
included in the tables, For comparison, 29 values and lattice
parameters for pure chromfum, pure nickel, supersaturated nfckel
containing 42,19 a/o Cr, and supersaturated chromium containing
38 a/o Nf have also been included. The parameters were obtained
from Swanson (33), Pearson (34), Baer (35), and Vagard's law,
respectively, The supersaturated compositions correspond to the
terminal solfd solubflity limits at the eutectic temperature.
The validity of using Vagard's law to calculate lattice
parameters of supercaturated Cr was checked by comparing the
calculated lattice parameter of 2.875 A at 10.7 a/o N§ with a
value of 2.877 A given by Bechtoldt and Vacher (18) for the same
alloy. -

The X-ray results indicate that, at room temperature, a-Cr
and vy-N{ are the only phases present in all but one sample; a 71
w/o chromfum processed in the purified fnert gas and quenched at
1490°C. This sample showed two extra diffractfon peaks at 77.4
and 86.6 degrees. No correlatfon of these extra peaks could be
made with 20 values reported for the proposed chromfum allot-
ropes, chromfum-oxygen, nickel-oxygen, or chromfum-nickel-oxygen

systems,

TEM Analysis

G T I AP R I A it e N SO S S SRt SR T P L S SO T A R
B T G S A N S LA 1

Three samples were analysed usfng a JOEL 200CX electron
microscope; two samples contained 71 w/o Cr and the other con-

tained 90 w/o Cr, One of the first two samples was levitated in

15
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15~
E the purified gas, while the others were .levitated in the as- 5
! received gas. ?173
E _ TEM photomicrographs of the pro-peritectic, peritectic, and égz
E fnterdendritic regions are shown in Figures 14-16, respectively, Eiﬁ
l : for the 71 w/o Cr sample processed in the purified gas and %ﬁa
quenched at 1375°C. Ffgure 14 shows that the pro-perftectic i
region contafns fine precipftates. Diffractfon patterns obtained
from this regfon indicated the matrix to be bcc chromium, with an Eﬁ;

approximate lattice parameter of 2.96 i. The overall
composftion, matrix plus precipitates, in this region obtained by
EDS was 1n the range of 72-77 w/o, with an average of 75.7 w/o

Cr. The perftectic phase as shown in Figure 15, on the other

hand, contained platelet precipitates. The overall composition

range was 62-70 w/o Cr, with an average around 65.2 w/o Cr, The _!!-
matrix, similar to the pro-perftectic region, had bcc structure T
with an approximate lattice parameter of 2.97 A, The ;iﬁf
interdendritic region, also containing small precipfitates as k!!.

shown in Figure 15, was fcc and had an average overall ﬁtp
composition of 52.4 w/o Cr (with a range of 50 to 53 w/o). e
TEM analysfis of the other sample containing 71 w/o Cr, levi-

tated in the as-recefved gas, indicated that fts structures are

similar to those of the previous sample., However, the precipi-

tates were much coarser than those of the previous sample. Its e
overall composftions and lattice parameters are given in Table iﬂ;z
3. The 90 w/o chromfum sample showed only two distinct struc- ;ﬁ:
tures, similar to those of the pro-perftectic and perftectic f 4u
R
:\::'\-‘ :
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regfons of the other samples., The pro-peritectic and peritectic
regions had overall compositions of 94.6, 77.9 w/o Cr, respec-

tively

As discussed earlier, the commonly accepted Cr-Nf dfagram at
high temperatures consists of a simple eutectic at 1345°C and
about 51 w/o chromium, Notwithstanding, there are at present
three other proposed dfagrams that include, in addftfon to the
eutectfc, efther a eutectofd (12), a peritectic plus two eutec-
tofds (27), or four eutectofd transformations (22)., The major
difficulties in studying Cr-N{f phase dfagram are due to intense
volatilizatfon of Cr at high temperatures, the high affinity of
chromfum with oxygen, solid state precipitations which may
obscure phase transformatfons, and effects due to fmpurities.
For the present experiment, high purity chromfum-nickel binary
alloys were levitated in an essentatlly oxygen free atmosphere,
Thus, the effects of impurfties, oxygen, and contamfnation by a
contafner were elimfnated. The temperature was recorded up to
1700°C with an accuracy of + 10°C with a two color optical pyro-
meter, Furthermore, rapid quenching technique was employed to
preserve the solidification features of the alloys.

The microstructural results indfcate that a peritectic re-

actfon occurs fn Cr-Ni alloys contafning more than 62 w/o Cr,

There is a clear and distinct boundary between the pro-peritectic

phase and the perftectic phase, ruling out simple coring due to N

2.0,2,2,7,
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compositional varfation. There is also a difference in the de-
I composition of the pro-peritectic and the peritectic phases. The

former contafned fine precfpitates, whereas the latter contafned

Widmansttaten platelets. The fact that the Widmansttaten plates fﬁj
. ) stop at the boundary between the pro-peritectic and peritectic €.

phase, as was shown in the former report (3) and by the TEM

results, also indicate a difference in the crystal structure of
I the two. g!,
The peritectic transformatfon is not due to the formatfon of i

a metastable phase, because this would imply the formation of a

L.

metastable perftectic phase on the exfsting pro-peritectic solid
phase. Furthermore, the cooling rate during solidification of Eé;
the samples in the levitated state was rather slow, around :
. 30°c/sec.
The thermal arrest pofnts obtained during non-equilibrium
cooling definftely do not correspond to those expected from the mii

commonly accepted eutectic phase dfagram, This {s evident from

S R ATV
o
»

: the number of thermal arrest pofnts above the eutectic temper- Siﬁ
ﬁ ature. The eutectic temperature was found to be 1345°C, as indi- E?}
E cated by the sample with 55 w/o chromium which showed the temper- T;
é ature strongly. The arrest points corresponding to the eutectic géé
; temperature for alloys with chromfum content above 71 w/o chrom{~- ?ﬁg
E um were not very clear., This s due to the fact that, as the ;;:
E microstructures of these alloys showed, the amount of the inter- ';3
ﬁ dendritfc regfon was small, EJ
. :_‘_
: &
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A thermal arrest around 1442  26°C was observed in most
i samples containing more than 62 w/o chromium, regardless of the
composfition, indicating that this temperature {is monovarient.
Furthermore the peritectic transformation was observed in all the
samples that showed this arrest. Therefore, it is believed that
this temperature corresponds to the peritectic temperature.
5 Yukawa et al,.(27) has proposed a peritectic temperature of
i 1412°C, and 1n our previous report (4), based on l1imfted results,
this temperature was gfven around 1410°C.
Another thermal arrest pofnt around 1510°C was observed for

: the 78 w/o Cr and 71 w/o Cr sample. The temperature seems to be
monovarient, although more experiments are necessary to verify
this., Nevertheless, the arrest point again cannot be justified
based on the simple eutectic dfagram, Whether the arrest point
corresponds to a precipitation reaction or phase transformation
is not clear,

The results also indicate that when the samples were melted
fn the as-recefved inert gas, the number of thermal arrest points
decreased when compared to those alloys that were processed with

the puriffed inert gas. There was also a noticeable decrease in

T the 1iquidus temperature. Therefore, small oxygen content of the ;i
gi purifying gas, as low as 6 ppm, can have a drastic effect on the E;
é; temperatures as well as the structures. This clearly casts doubt ?;
- on the results of many previous fnvestigations which did not use ;}
Eg high purity gases or used contatners which may have reacted with ézg
E: chromium, ;{S
g -
5 o




The X-ray diffraction results, tables 8 and 9, show 290
values corresponding to saturated chromfum and saturated
nickel. The notable exceptfon is the 71 w/o chromium alloy
quenched at 1490°C and processed with the purified inert gas.
Extra peaks were observed at 77.4 and 86.6 degrees, which did not
correspond to any values cited in the 1iterature for chromfum,
nickel, their alloys or oxides. It should also be noted that
there 1s no difference in the 29 values when the alloys processed
with the as-received inert gas indicating that no apprectable

oxygen was dissolved in the alloys.

No 26 values corresponded to the o phase because the x-ray
patterns were obtatned at room temperature and the peritectic
structure had decomposed., Thus, 1t could be inferred that the
samples were not quenched fast enough to retain the high tempera-
ture phase,

The TEM results also indicated three distinct regions in the
71 w/o chromfum sample levitated in the purified gas. The pro-
peritectic region containing fine precipitates was bcc, with an
average overall composition 75.7 w/o Cr., The peritectic regfon
contafning platelet precipitates, also had a bcc structure., Its
overall composition ranged from 62-70 w/o Cr, with an average
composftion around 65.2 w/o chromfum., The interdendritic regfon
had fcc structure and an average composition of 52,4 w/o Cr,

The other sample with 71 w/o Cr, the levitated in the as-
recefved gas, had similar characteristics, but slfightly lower Cr

content, Results of the 90 w/o chromfum sample showed only two
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distinct regions corresponding to the pro-peritectic and peri- gf:
tectic phases. The former had an overall composition of 94,6,
compared with 77.9 w/o for the latter,

p Summary : ;ﬁi
5 Based on microstructural and thermal analyses, it 1s clear ] ‘~5
that a simple eutectic diagram cannot adequately describe the

chromfum-nickel phase transformations at high temperatures.

UM
JURSICLALL S
ST

ff There 1s a distinct peritectic phase in alloys containing more
than 62 w/o chromfum, From thermal analyses, the peritectic
temperature was estimated to be around 1442°C, with a standard
deviation of 26°C., The eutectic temperature was found to be
1345°C. The liquidus temperatures were determined as 1377, 1449,
1515, 1577, 1628, and 1757°C for 55, 62, 65, 71, 78, and 90 w/o
chromfum samples, respectively, For 71 w/o chromium samples, the
average composition of the perftectic region was around 65.2 w/o

Cr. The composition of the interdendritic nickel was around 52.4 T

AN N

w/o Cr. The pro-peritectic region had an average composition of
75.7 w/o Cr.The results of X-ray and TEM analyses indicated that }'J
the peritectic phase had transformed to bcc chromium and fcc S
nickel,
. Increasing the oxygen content of the processing gas from ?ﬁ}

1 x 10-15 ppm to 6 ppm decreased the 1iquidus temperature drasti-

cally, and also shifted the peritectic transformation, Lo
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EE Table 1 -Thermal arrest points during non-equilibrium cooling of samples
levitated in the purified inert gas.

_mfo Or__ Liquidus,°C_ _ Additional Arrest Pofnts

- 55 1375 1345
. 55 1380
Average 1377.5%2.5
62 1452 1421 1366 (1335)
62 1447 (1335)
Average 1449,512.5 .-
65 1500 1423 1359 e
65 I3 1430 1382
65 1534 1474 1405 1350
Average 1515114.2
n 1552
| n 1570 1460
- n 1585 1513 1438
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s Average 1577+£18.8
o 78 1641 1458
- 78 1610 1504 1435

- 78 1633 1533

: 78 1627 1501 1447 1385

Average 1628+11.4 e
90 1760 1435 .S
90 1755 1444 =

S0 | IR

- PN
Average 175742.5 —

.gj ( ) - Temperatures in parentheses represent small slope change in the -3:
" thermal data, rather clear recalescence. )
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Table 2- Thermal arrest points during non-equilibrium cooling of samples
Tevitated in the as-received fnert gas.

w/o Or Liquidus,°C Additional Arrest Points
55* 1327 1309
55% 1305
55* 1270
§5% 1303
Average 130120
62 1402 1378
65 1433 1387
68 1497 1350
68 1497 1395 (1342) 1330
68 1497 (1315-1345)
68 1490 1390
68 1473 (1320-1345)
Average 1493£10.7
n 1503 1402
A 1494 1436
n 1520
Average 1506110.8 '
78 1566 (1536) 1498 1466
78 1558 (1521)
Average 156244
85 1610 (1560)
85 1618 (1566)
85 1596 (1543)
Average 160819
90 1652 (1549)
90 1648 (1610)
90 1656 (1631)
90 1654 (1596)
90 1658 (1637)
Average 165413.4
* - The temperature of these samples became quiesent at about 1460°C,

possibly due to the formation of a thin oxide layer on the surface,
( ) - Temperatures i{n parentheses represent small slope change fn the thermal
data, rather than clear recalescence,
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Regfon ao(i) Structure Overall

. w/o Or

Pro-peritectic 2.96* bee 75.7
71 w/o Cr, Peritectic 2.97* bee 65.3
Purified Interdendritic 3.74* fcc 52.4
gas

Pro-perftectic - - 72.3
71 w/o Cr, Peritectic 2.90* bee 60.9
As-received Interdendritic 3.58* fce 51.9
gas

90 w/o Cr, Pro-peritectic 2.,97* bee 94.6
As-recefved Interdendritic 2.95* bee 77.9
gas

* The lattice parameters for the matrices are given for comparison purposes
only. More accurate values of the parameters are given by the X-ray results
in tables 3 and 4,
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Figure 4  Microstructure of 55 w/o chromium alloy quenched at
1380°C: (a) viewed under brightfield, anda (b) viewea
under pularized light. Etchant B,
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- Figure § Microstructure of 55 w/o chromium alloy quenched at
1206°C after holaing at this temperature for 6
minutes. Etchant B,
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Microstructure of 62 w/o chromium alloy quenched at
1413°C: (a) etchea with etchant A, ana (b) etched
with etchant 8,

34

PP L

L2 FRRTRT RN

A R N R T S L A T o e I I e
B N N e e e T I o




v il B s il o e e - o "
R T T e R R A R e A A

N O o P ey
.t A P A S Pt T

28
H.‘.-
.
.
.
e
b .
p -

AR A e g
. D . fy
R B PR ’ LN}

Figure 7 litcrostructure of 65 w/o chromium alloy quenched at
1453°C. Etchant B,

T T e S B S T R

R A R S G

LIS S TR L L N
YOUCR SIS NN

REARK
olelta



Y

Y e LW W WY

LA SA v e

>

..

Y quenched at
viewed under DIC. Etchant B.

Microstructure of 65 w/o chromium allo

1444°C;

Figure 8

36




: ... Y B, s \.J.. v
R RECANLOKIR KARBX
.

..

. . . . . . .
*
L]
A
1
L
!
h.
» o }
H E-J
! o
) >
o =
' %)
b, 0
O- e
! 3
' o
! >

o
y p—
»
M g
r d
. E .
v = --\.
N - T
: = o
.. Qo i)
' M _nta
. o .-r.-\
. o .-r\
" ~ \
-. = ” _.-\
[l —_ I.I‘
! T~ o '» 4
3 s
) < s
3 L s
) ow o
3 p=t o
X [ - vy
! | S — )
] 30 “
v ot e
: s o
v [ o
. = . s
J " ‘e
.. Oe .’-\
. r 0 .- s
’ Vo KA
N - ~
.. ¢ X - uoN

e
t.;v‘

ek
.

o

N

N

Figure 9
"ot

PSS

.“\.

[

i

!

. e e, . - . s . - R A T P ™ L K . ot e, PP L ) o8 oy * P PR -
\.\-.\.\.. g ..-.....L,\ . S n.-,a.u.-.\..-\.~.\-.-.\-\.- A ......ﬂ,.«, - NS AR \ ..A..~.-.I\.. -a..... ...... Yo pete P S R AU A .-.av A TR




Bisis -6 0
a
’ Figure 10 Microstructure of 71 w/o chrumium alluy quenched at
1490°C: (a) viewea under brightfield, anda (b) viewed
under DIC, Etcnant B.
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Figure 12 Microsiructure of 78b w/o chromium alloy quencned at
1400°C: (a) etched with etchant B followea by etchant

A ana viewed under brightfiela; (b) etched with
etchant B ana viewea under DIC,
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Ftgure 17

TEM photomicrograph from peritectic region of a 71 w/o
chromium sample processed with purified inert gas,
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Figure 18 Comparison of aarkfiela ana brightfiela TEM
photomicroygrapns form the interdendritic region of a
71 w/o chrumium sample processed with purifiea inert
gas.
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INTRODUCT 10N
The importance of a fine equiaxed grains as opposed to columnar
- grains has long been recognized in a casting., Among various enhanced
e properties associated with a fine grain structure are improvea low~
) temperature strength, reduced anisotropy, formability, and reduced

- segregation scale. Tne latter is especially important in castings that
- have to undergo homogenization; in a fine grain structure the
characteristic diftusion distance and hence the homogenization time is
;? reduced compared to a coarse grain structure. A number of techniques
f%ﬁ have been developed to produce fine grain structures during

solidificationl. The most common method is to add small amounts of
- grain refining agents, inoculants, t the melt just prior to casting.
A The aaditions eilther go into solution or remain as solids that act as

. heteroyeneous nucleation catalysts duriny solidification. Examples of

fey?

grain refining agents employed commercially for various alloys have been

(‘i-"'f A

et ds!

given in a recent review article by Monaolfo?.

It 1s commonly acceptea that the effectiveness of a grain refining
N agent is either due to enhancea heterogeneous nucleation rate or due to
a reduction in the growth rate of the existing grains, thus allowing for

further nucleation. However, the actual mechanism of grain refinement

o’ !
s
Pl

and nence the criteria which determine the effectiveness of one addition

-
[
250,
L ‘.-.~‘4.v.‘-
o : .
syttt

versus another are not fully understood. In general, the requirements

P

for a good nucleating agent are higher interfacial energy between the

inoculant and the melt, compared to that between the nucleated solid and

..
'. O. . "
D

the melt, and a good epitaxial fit between low inaex planes of the

v »
DAY
O

tnoculant ana the soliad. In aadition, the inoculant particles should

.

DY)

.
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be stable at the melt temperature, and should not agglomerate or

float. A lower degree of lattice mismatch between the nucleant and the

L R T L L LR
*ita"e : e,
e e R S L,

M T " . .l .n'.l-'l .'

I

solid has been suggested as a possible criterion to determine grain

refining potency of an inoculant4. In the absence of accurate surface

LA P

L]
.

energy data, Youdelis® has suggested the use of tne “nucleation entropy”
as a criterion for yrain refining effectiveness., Based on this
criterion, the larger the nucleation entropy, the more effective is the
grain refiner. The solute buirld-up ahead of the solid-liquid interface,
E proposed by Tarshis et al.%, 1s another criterion for evaluating
effectiveness of alloy adaitions, According to this criterion, the
greater the solute build-up ahead of the interface, the more effective
~ is the alloy addition in promoting grain refinement. Grain refining via
peritectic reactions s another well known technique that is
commercially employed in various alloys, especially in aluminum based

a1loys7'8.

YR
Y &l ':". f

The grain refining techniques discussed above involve the
deliberate addition of alloying elements or compounds to the melt,
Equally important factors in determining the microstructure are the
ﬁ% fluid flow and thermal conditions during solidification, The fluid flow

can cause dendrite fragmentation by bringing hotter 11quid to the root
X of the dendrite arms, The fragments, when carried away, can serve as
- growth sfites for new grains, Improved fluid flow can come from a number
‘ of sources such as ultrasonic vibrations?, mechanfcal stirringl0s1l op
electromagnetic stirringlz. The latter 1s being used extensively in

casting industries, particularly for alloy compos{tions that have a

b SRSV RAM

strong tendency for centerline segregation and shrinkage porosity.
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The present experimeants were conducted to establish the role of the
peritectic reaction and eleciromagnetic stirring in the grain
refinement of copper-irom alloys. The effect of cooling rate and alloy
compositions were also studied.

EXPERIMENTAL PROCEDURE

The experimental apparatus consisted of an electromagnetic
Tevitation chamber, an fnert gas purifying system, and a temperature
monitoring device. Details of the apparatus can be found in an earlier
paper13. The temperature of the levitated sample was measured and
continuously monftored by a two-color pyrometer connected to a strip
chart recorder. The pyrometer was calibrated against the melting points

of pure iron, nfckel, and copper to an accuracy of £5°C. High purity

. helfum, argon, and/or helium -2,0% hydrogen were continuously passed
through the glass tube surrounding the sample to provide cooling and to
protect the sample from oxfdatfon. The oxygen content of the purified

gas, continuously monitored using a solid state electrolyte, was in the
range of lo'lsppm.

The samples, each weighing about one gram, were prepared from
99,.999% copper and 99.98% iron. The constftuents for each sample,
weighed to an accuracy of 0.0001g, were arc melted in a titanium

"gettered” helium atmosphere., The arc melted sample was lowered into

the levitation coil, and the power to the coil was adjusted to levitate, 1
N
melt and superheat the sample by approximately 300°C. The gas flow was Eigﬁ-
X '.r:
then increased to solidify the sample at a rate of about 10-20°C/sec. Ej}j:
g N
The thermal arrest points corresponding to liquidus and perftectic )
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temperatures were recorded during repeated heating and cooling cycles of
the levitated sample,

After determining the thermal arrest points, two different
processing procedures were used to solidify the sample. One involved
cooling the sample in the levitated state to 1000°C, at a rate of 10-
20°C/sec, then quenching the solid sample in water from this temper-
ature. The other involved quenching the sample from a temperature
s1ightly above 1ts 1{quidus temperature in water. The cooling rate of
the water quenched samples 1s estimated to be approximately
500'CIsec14. The samples were sectioned, mounted, polished, and their
average grain sizes were determined using a standard intercept

techniquels.

RESULTS

The compositions, thermal arrest points, and the average grain
sfzes of the as quenched samples are summarized in Table I, The 1iquidus
points and the peritectfc temperature, as shown in figure 1, were found
to be in good agreement, within the experimental errors, with the
commonly accepted phase diagramls. Because of the oscillatfon of the
sample in the levitated state, the temperatures could be measured with
accuracy of £10°C. The minfmum concentration of iron required to have
an fron rich primary phase, as detected by metallography and SEM, was
found to be 2.8 wt.%. Following an earlier convention [Ref,16], alloys
containing fron less than this value are termed "hypoperitectic",
whereas those containing more iron are called "hyperperitectic”.

The average grain size of samples quenched from their corresponding
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1iquidus temperatures as a function of the iron content is shown in
figure 2. The error bars in this figure show the statistical variation
of the mean, The average grain size of the pure copper when quenched
from its melting point, not shown on this graph, corresponded to roughly
3mm, The results indicate that the addition of fron causes consid-
erable grain refinement in copper, and the refinement fncreases with the
{ron content, as shown in figure 3 for two samples containing 0.57 and
2,05%Fe,

The effectiveness of iron as a grain refiner was further evidenced

by the amount of bulk supercooling of the Tevitated melt., Although 1t

was possible to supercool pure copper in excess of 400'C?, the additfon
of iron reduced this supercooling drastically. For example, when the
alloy contained about 1% iron, the maximum supercooling was reduced to

. 100°C, At iron concentratfons near the peritectfic 1fquid and beyond, no
appreciable supercooling was observed. A similar trend in the reduction
of supercooling by the addition of iron was also noted by Southin &
Westonl?.

In the composition range immediately surrounding 2.8 wt.% {ron,
from approximately 2,75 to 2.9 wt.%, the grain size showed considerable
scatter, The varfations in grain size can be seen in figure 4 for two
samples containing 2.80 and 2,84%Fe. Over this rather narrow
composition range, the scatter of the mean grain size of {ndfvidual

samples fell outside the confidence fntervals of each sample. The

scatter appears to be due to the possible alternative nucleation

* In several occasfons, pure copper samples were supercooled consfderably
below the lower 1imit of pyrometer detection which was 700°C,
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sequences, caused by supercooling, and suppression of the primary phase
formation or the peritectic reaction.

When the concentration of iron exceeded 2.9 wt.%, the grain size
showed a continued decrease with fncreasing iron concentration, The
microstructures encountered in this regfon are shown in figure 5, where
the primary gamma iron appears as dark particles scattered uniformly
throughout the sample. The data points in this regfon, however, do not
seem to follow the continuation of the curve for the hypoperitectic
regfon. This trend will become more obvious when the results of the
samples solidified while levitated state are considered later. In
addition, the grain size of the hyperperitectic samples had greater
uniformity as compared to the hypoperitectic samples.

The effect of 1ron content on the mean grain sfze of the alloys
solidified in the levitated state {s shown in Figure 6, For the hypo-
ver{tectic alloys, the grain size showed the same trend as the water
quenched samples. It should be noted that the cooling rate during
solidification of the levitated samples was around 20°C/sec, as compared
with about 500°C/sec for the water quenched samples,

In alloys containing greater than 2.8% Fe, the grain size of the
samples solidified i{n the levitated state was found to be insensitive to
the fron concentratfon, as fndicated in figure 6, This can also be seen
from the photomfcrographs shown in figure 7 for two samples containing
3.27 percent and 7.46 wt.% iron--In spite of the large difference in
fron concentrations, the average grain size is the same in both
samples. At lower {ron concentrations, the {ron dendrites are small

with only a few side branches, At larger concentrations, however, the
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dendrites have a well developed dendritic structure consisting of
numerous secondary, and in some cases, tertiary arms. It was also noted
that primary dendrites had accumulated mostly near the surface of the
samples, Solid state precfpftates of iron, approximately 0.4 microns in
diameter, were also seen in the copper matrix by SEM analysis. This {s

in contrast with the water quenched samples which showed no fron

precipitates, indicating that the copper matrix was a supersaturated

alpha solid solutfon.

Discussion
The results of the present investigation indicate that the additfon

of iron causes considerable grain refinement in copper, in agreement

qualftatively with earlier studfes!8»19,20. In the earlier studies the
effect of iron was studied on efther multi-component commercial alloys

or elements such as phosphorus were used to deoxidize the melt. In the
present research, high purity materfals were used, and the samples were

Jevitation melted in an essentially oxygen free atmosphere. The

inherent advantages of this technique include noncontaminatfon, melt

homogeneity, and precise temperature, time and atmospheric control.

Because of these features, the present results most 1ikely show the ‘h,
grain refining effects due to the iron additions only. ;"':
In the hypoperitectic region, the grain size in both sets of ?‘E
samples, quenched in water or solidified in the levitate state, {::
decreased as the iron concentration was increased. In the RN
hyperperitectic region, however, the grain size of the alloys solidifed \
in the levitate state showed no dependence on the fron content, whereas L_:
PN
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those quenched from their l{quidus showed a continued decrease as the iron
content was increased, The two sets of data are compared in figure 8,
In the hypoperitectic region, the grain refinement mechanism by the
addition of {ron can be discussed based on the amount of solute bufld up
ahead of the interface criterion, denoted as the "P" factors. or the
nucleation entropy criterfon, The calculated values of the nucleation
entropy and the P factor at 1wt Fe are -4.322 J° mole ~1°x~1 and 1.30,
respectively, The thermodynamic values necessary for the calculations
were obtained from the JANAF tables?! and the phase difagram, Since
these quantities increase with increasing the fron content, both
criteria qualitatively explain the enhanced grain refinement with

fncreased iron content. However, nefther criteria can be used a priori

to predict grain refinement capability of fron. This {s due to the fact
that the minimum value of the p factor or the nucleation entropy
necessary for effective grain refinement {s not yet well established.
For aluminum binary alloys, ft was shown that a p factor larger than
about 20 was necessary to cause 80% reduction in the grain sizes. At
lower values, the grain size reductfon was considerably lower., For the
Cu-Fe system, even though the p factor 1s small, less than 2, the grain
size reduction 1s larger than 90%.,

As indicated earlfer, the effectiveness of {iron additions on the
nucleation of the copper in the hyperperitectic regifon can be judged
based on the amount of bulk supercooling attainable in the samples.
Similar to other experiments17, it was observed that the bulk

supercooling reduced drastically as fron concentration was increased.

Youdelis5 has attributed the reduction in the supercooling to the




fncreased nucleation entropy with solute concentration.

In the hyperperitectic region, the grain refinement could possibly
be due to efther the growth restrictive nature of the peritectic
reaction or the presence of iron primaries acting as heterogeneous
nucleatfon sites., The disregistry between v-iron and copper at the
peritectic temperature {s only 0,8%, i{ndicating the potency of iron
primaries in nucleating the copper phase. It was noted that no
appreciable supercooling at the peritectic temperature was observed in
the hyperperitectic alloys, which again indicates the effectiveness of
iron in nucleating copper. This can be compared with the results of our
experiments with Cu~Nb alloys where a supercooling of approximately 10°C

was observed at the peritectic temperaturezz. For Cu-Nb system, the

overall lattice mismatch between (111) planes of copper and (110) planes
. of nfobfum is around 14,5%.

To compare the results of the water quenched samples with those
solidified fn the levitated state two points must be taken into
consideratfon: (1) the latter samples were sofidified at a much lTower
cooling rate than the former ones ( 20°C/sec compared with 500 °C/sec,
respectively), (2) and the latter samples were solidiffed while being
stirred by the electromagnetic field., Despite the lower cooling rates,
the average grain size of the latter samples in the hypoperitectic
region was comparable to that of the water quenched samples. The
results indicate the beneficial effect of flufd flow on grain refinement
in this regfon. In the hyperperitectic regfon, however, the grafn size
of the samples solidified in the Tevitated state was considerably larger

than that of the water quenched samples. In fact, the grafn size became

E: 56
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insensitive to the iron content, indicating the detrimental effect of

electromagnetic stirring, This 1s due to the fact that while stirring

can cause dendrite fragmentatfon or remelting, it can also enhance

coarsening and agglomeration of the nucleating particles, The first
effect will result in grain refinement via grain multipifcatfon, whereas ] P s

the second will reduce the number of heterogeneous nucleation sites,

The relatfve importance of the two would depend on the alloy composi-

tion, cooling rate, as well as the flow conditions, !ﬁf;?

It 1s believed that in the hypoperitectic regfon, the grain

multiplication mechanism has augmented the effect of iron in promoting

grain refinement such that the grain size of the slowly cooled samples
were the same as the rapidly cooled ones. In the hyperperitectic
region, on the other hand, the increased fluid flow has caused
appreciable coarsening and agglomeration of the primary {fron phase,
diminishing their effectiveness to nucleate the copper. The stirring
also caused preferential accumulation of the fron primaries on the
surface of the samples. The agglomeration phenomenon 1s similar to the
commonly observed fading process, as a result of which the effectfveness
of the inoculants is found to diminish as the metal is held in the
1iquid state. For conventional casting processes, the fading process
occurs over a perfod of minutes. In the case of e1ectromagnet1c.1ev1ta-

tion, the increased fluid flow enhances the process appreciably.
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Conclusfons,

:! The addition of fron fn the range of 0.57 to 7.5 wt.? has been
Pﬂ

FE - found to cause apprecfable grafin refinement in copper. In the

fa

hypoperitectic alloys, electromagnetic stirring enhances the grafin
refinement via the grain multiplication mechanism. In the

hyperperitectic alloys, on the other hand, the stirring reduces the
grain refining capability of iron by agglomerating the primary {iron

particles which act as heterogeneous nucleation sites for copper.
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TABLE I _
Thermal Arrest Points and Grain Size Measurements for Y
Copper-Iron Alloys ‘

Quenched in water

WtZFe Peritectic Liquidus Quenching Grain
°C °C Temp,°C Size,mm

0.57 1080 - 1085 0.330 + .170
2.05 1080 - 1090 0.130  ,050
2.80 1094 1094 1100 0.070 ¢ ,020
2.84 1100 1100 1115 0.035 & ,.008
3.08 1124 1100 1140 0.032 ¢+ ,010
3.12 1150 1094 1160 0.021 ¢ ,004
3.20 1140 1090 1150 0.032 ¢ ,007
3.42 1170 1100 1185 0.037 & ,007
3.67 1150 1094 1260 0.030 + ,008
4,06 1190 1090 1265 0.022 £ ,008

Solidiffed in the Levitated State

0.72 1090 -- 1000 0,210 + ,090 AN
1.65 1080 - 1000 0.200 + .040 o
2.14 1090 -- 1000 0.110 £ ,040 e
2.67 1080 -- 1000 0.120 = .040
2,72 1094 - 1050 0.052 + ,008
2.80 1100 - 1000 0.220 + ,080
2.86 1110 1094 1000 0.042 + ,010
3.27 1170 1100 900 0.073 = ,026
3.35 1160 1090 1000 0.071 ¢ ,020
7.46 1280 1094 1000 0.072 & ,015 T
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Figure 1: The copper-iron phase diagram on the copper rich side, with the
measured 1iquidus and peritectic temperatures.
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Figure 3: Grain sfze of water quenched hypoperitectic alloys a) 0.57 and b)
2,05%Fe
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Figure 4: Microstructures of two samples with 2.8% Fe solidified in levitated
state ~ note the difference in the grain size,
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Figure 5: Effect of iron additfons on the grafn sfze of copper in water
quenched hyperperitectic alloys (a) 2.84 (b) 3.12 and (c) 4.06wt%Fe.
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Figure 7: The effect of fron addition on the grain size of hyperperitect -~
alloys solidified in the levitated state a) 3.27 and b) 7.4%2&‘.’" tectic A
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